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Abstract 
A risk assessment methodology, which considers the dynamic behaviour of the CO2 plume in the storage 
reservoir and its impact on the potential leakage risk profiles with special reference to the post closure period, was 
developed. The approach involves three main steps. The implementation of this methodology has been demonstrated 
using a generic reservoir/caprock model comprising a dipping reservoir, forming a structural anticline trap under 
sealing caprock and subvertical faults featuring small displacement. As well as the base case scenario with 
homogeneous porosity/permeability within each layer, heterogeneous distributions featuring high 
porosity/permeability channels were also considered. CO2 injection at 1 Mt/year for 30 years was simulated to 
investigate the plume migration behaviour, and to map the associated potential leakage profiles (through the 
caprock) within the CO2 plume footprint area.  
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1. Introduction 
For safe storage of anthropogenic CO2 in the subsurface, four trapping mechanisms, acting on time-scales 
ranging from months to tens of thousands of years, have been identified: 1) structural/stratigraphic trapping, 
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whereby buoyant CO2 is contained in the storage reservoir by a sealing caprock; 2) residual trapping, whereby CO2 
is immobilised by the action of capillary pressure; 3) dissolution, whereby free CO2 dissolves into the host rock 
brine, and thus becomes gravitationally stable as brine with dissolved CO2 is denser than its surrounding fluid; and 
4) mineral trapping, whereby CO2-rich aqueous solutions react with reservoir minerals to form new carbonate 
minerals. When considering the post-closure and post-transfer of responsibility phases of a storage project the 
fraction of injected CO2 that is held through structural/stratigraphic trapping is the most significant as a potential 
risk source. 
It is recognised that mobile CO2 phase in the storage reservoir (source for potential leakage) has a tendency to 
rise buoyantly within the reservoir and follow the caprock topography while migrating up dip with time. The area 
where CO2 eventually resides is thus further beyond the area where the plume is located at the time of injection (up 
to several decades) and site closure (typically 5 - 10 years). As part of the EU funded project CO2CARE, the authors 
developed the risk assessment methodology presented here, which considers the dynamic CO2 plume migration 
behaviour in the storage reservoir, with special reference to the post-closure period. 
2. Methodology for CO2 storage system risk and uncertainty assessment  
As illustrated in Fig. 1, the methodology involves three steps. Firstly, risk source assessment is carried out by 
simulating the CO2 plume evolution and migration over time (in the long-term) as a dynamic source for potential 
leakage out of the primary storage reservoir while taking into account reservoir heterogeneity and data uncertainty. 
To facilitate the overall objective of leakage risk assessment, the authors have defined two distinct zones, and the 
simulated CO2 plume footprint is broadly divided into a transient (free CO2 largely passing through) and a non-
transient source region. A third area - near wellbore region - may also be defined to evaluate the source for potential 
leakage through the injection well. Consideration may also be given to other, legacy wells, by creating a near 
wellbore region for these within the transient and non-transient source regions, as necessary. The amount of free 
CO2 in different regions over time is then tracked to evaluate when and for how long the leakage risk source might 
be present, as well as the size of the source available for leakage. To assess uncertainty in the plume migration, 
whilst honouring the available 4D seismic data from injection monitoring, multiple realisations of petrophysical 
properties are generated and the results are analysed. This part of the methodology has been applied to the Ketzin 
storage site. 
 
Risk Assessment     
Risk Source Assessment  Pathway Assessment  Risk Characterisation 
Spatial extent considered: 
Ͳ Near-wellbore region 
Ͳ Transient free CO2 source 
region 
Ͳ Non-transient free CO2 source 
region 
Method: dynamic simulation of long-
term plume evolution and migration 
considering reservoir heterogeneity 
and uncertainty 
 Pathways considered: 
   Caprock 
Ͳ fractures 
Ͳ coarse grained lobes 
   Wells 
   Faults 
Method: estimate probabilistically the 
leakage likelihood and rate 
considering uncertainty and variability 
in pathway characteristics 
 Scenario definition 
(for each pathway and spatial 
extent considered) 
Risk evaluation 
Method: long term dynamic 
simulations providing leakage 
profiles (magnitude and 
duration) for the regions 
exposed to free CO2 during the 
post-closure period  
     
Fig. 1. CO2 storage risk assessment methodology for the post-closure period. 
The second pathway assessment step considers the characteristics of specific and potential leakage pathways 
(caprock fractures and coarse grained lobes; wells and faults) to account probabilistically for the leakage likelihood 
and leakage rate through these pathways. Relevant research from literature [1, 2] as well as the work carried out in 
the CO2CARE project is used to evaluate leakage risk and associated uncertainty in conjunction with the 
characteristics of the pathway.   
The last, risk characterisation, step evaluates the potential CO2 leakage through the identified leakage pathways 
through simulations and uncertainty assessment for different scenarios considering the leakage path permeability 
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and a detection threshold. The outcome of this step is the mapping of potential leakage profiles (magnitude and 
duration) at different locations (within the plume footprint during the post-closure period) after the simulated leaked 
amount has exceeded a pre-set detection threshold. This knowledge is useful in informing both the monitoring 
strategy and appropriate remediation methods for the site. 
Due to space limitations, this paper focuses on Steps 1 and 3 of the methodology. In order to demonstrate the 
implementation of the methodology described above, a realistic reservoir/caprock/fault model was set up and used to 
simulate CO2 injection of 1 Mt/year for up to 30 years in a saline aquifer and evaluate the potential leakage risk. A 
number of leakage scenarios were also set up and assessed in order to present and describe different elements of the 
methodology developed. 
3. CO2 plume as a dynamic, moving source for potential leakage out of the primary storage reservoir 
The generic reservoir/caprock model used to illustrate the dynamic behaviour of CO2 plume as a moving source for 
potential leakage measures 36 km × 10 km and includes several faults (Fig. 2a). The depth of target storage 
formation ranges from 1,082 to 3,484 m across the model domain, dipping considerably. The injection well is placed 
at a location where the storage reservoir is between 1,973 to 2,181 m deep (Fig. 2). The model has a more or less 
uniform grid block size of 200 m × 200 m in the lateral direction. 
The storage reservoir, which has a thickness of approximately 240 m, consists of 6 layers of homogeneous 
reservoir properties (base case model), but with varying properties across the layers. In particular, the (horizontal) 
permeability ranges from 4 to 90 mD. The vertical permeability was assumed to be the same as the horizontal 
permeability. The reservoir/overburden is initially at hydrostatic pressure, and the reservoir temperature is 92 oC. 
The overlying formation (caprock) is considered to be impermeable, with a further 60 m thick layer situated at 180 
m above the reservoir, which is assigned a permeability of 10 mD (Fig. 2b).  
In addition to the base case model with homogeneous layer properties, heterogeneous permeability distributions 
featuring high permeability channels were also considered in Section 3.2 to evaluate uncertainty in the prediction of 
CO2 plume migration.  
 
 
Fig. 2. A generic reservoir/caprock model for simulation of CO2 injection into a saline aquifer and evaluation of potential CO2 leakage profiles. 
3.1. Transient and non-transient CO2 plume regions 
Reservoir simulation of CO2 injection at a rate of 1 Mt/year for 30 years from 2012 was carried out to evaluate 
the plume migration behaviour during injection and after the termination of injection. A pore volume multiplier of 
100 was used during simulations to represent the connected pore volume beyond the model domain. It was found 
that the plume is largely stabilised at about 120 years from the start of injection under both sealing/non-sealing fault 
conditions. Fig. 3 presents snapshots of the CO2 plume at different stages of plume migration up along the anticline 
for the sealing fault scenario.  
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 Fig. 3. Simulated CO2 plume migration in the reservoir during injection and post-injection periods for the sealing fault scenario. 
Based upon this plume migration behaviour, and the tendency to migrate up dip following the formation 
topography, the plume footprint may be broadly divided into: 
-  the transient region (where the free CO2 largely has a limited residence time), and  
-  the non-transient region (where the free CO2 residence is more or less stable). 
In the transient region (Fig. 4), the free mobile CO2 represents a moving, dynamic source for potential CO2 
leakage out of the storage reservoir. Free CO2 accumulated in the non-transient region (top of an anticline in this 
case), on the other hand, represents a largely stationary (or stabilised) source for potential CO2 leakage. This 
distinction has a direct bearing on the potential leakage profiles in the two regions, as seen below.  
 
  
Fig. 4. The CO2 plume footprint is divided into transient and 
non transient regions (sealing faults). 
Fig. 5. Tracking of the amount of free CO2 in both the transient and non-
transient regions over time. 
Dividing the CO2 plume footprint into a transient and a non-transient region also helps track the amount of free 
CO2 in each region – the source of potential leakage risk - over time. As shown in Fig. 5, free mobile CO2 in the 
transient region starts to decline when injection is terminated after 30 years, and thus represents a diminishing 
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source for potential leakage within this region over the 120 years simulation period. On the other hand, free CO2 
accumulated in the non-transient region is likely to remain a source for potential leakage over hundreds of years 
after injection is terminated. 
3.2. Treatment of uncertainty in post-closure CO2 plume migration 
Time lapse 3D seismic surveys have been successfully applied to image CO2 plume and monitor its migration in 
the storage reservoir in both Sleipner and Ketzin sites. As well as demonstrating CO2 containment during the 
injection period, the seismic monitoring data are valuable for calibrating the reservoir model. Nevertheless, forecasts 
of plume migration during the post-closure period using the calibrated reservoir model are exposed to varying 
degree of uncertainty due to lack of knowledge of the far-field porosity/permeability distributions.  
One way to address this uncertainty is to perform stochastic analysis by generating a large number of realisations 
of (far-field) porosity/permeability distributions of equal probability, based upon the understanding of the storage 
site geology and available seismic, well and core data. To illustrate the impact of heterogeneous 
porosity/permeability distributions on CO2 plume migration, in particular the presence of high porosity/permeability 
channels, stochastically generated channels were implemented in the generic model. To this end, the reservoir 
formation was divided into two major facies types, namely the floodplain and channel facies. Facies modelling was 
performed using the Petrel software package. A total of ten realisations with different channel orientations were 
generated. For each realisation the two facies were then populated stochastically with porosity and permeability 
using the Sequential Gaussian Simulation method.  
For illustration, simulation of CO2 injection, at an injection rate of 1 Mt/year for 30 years, as in the base case in 
the absence of high permeability channels, was carried out for the 10 realisations generated as described above. An 
example of the simulation results showing the influence of the high permeability channels on CO2 plume migration 
(assuming a sealing fault) is presented in Fig. 6. Compared to the base case without channel structures (Fig. 3), it is 
seen that CO2 tends to migrate preferentially along the least resistance paths, i.e. the channels. Nevertheless, the 
injected CO2 eventually reaches and accumulates at the top of the anticline after injection is ceased. 
Based on the analysis of the entire footprint of the CO2 plume for the 10 realisations, a plume footprint mean 
probability map, which gives a spatial overview of the likelihood of CO2 plume migration spanning both the 
injection and post-injection phases, may be obtained (Fig. 7).  
4. Potential CO2 leakage risk profiles through the caprock 
Using the generic reservoir/caprock model, an attempt was made to compute and map potential leakage risk 
profiles, i.e. the total amount of CO2 that could potentially leak through the caprock, and the relevant time periods, 
at various locations in both the transient and non-transient regions. A total of 30 potential leakage sites were 
considered, each represented by a leaky grid block (Fig. 8). The leakage scenario considers one leaky block at one 
time iteratively. To simulate CO2 leakage, a leakage pathway is intentionally created by assigning a permeability of 
between 1 and 10 mD to the column of grid blocks in the caprock between the storage reservoir and the permeable 
layer above (Fig. 2b). During simulations, the cumulative leakage from the storage reservoir is monitored and 
injection is terminated when a pre-set leakage detection threshold/limit is exceeded. A detection threshold between 
1,000 to 10,000 tonnes of CO2 was considered here based on the suitability of monitoring methods for detection and 
quantification of CO2 leakage from a storage site under favourable conditions at depths of less than 1,000 m [3, 4]. 
For simplicity, capillary entry pressure was not considered during the leakage simulations. 
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Fig. 6. Simulated CO2 plume migration in a heterogeneous reservoir with high permeability channels (sealing fault scenario). 
 
 
Fig. 7. Plume footprint mean probability map for 10 different realisations of permeability distribution featuring high permeability channels 
(sealing fault). The white outline refers to the extent of the plume for the base case without channels. 
Injection 
well
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The time (years) it takes for the leakage to be detected during the simulation, i.e. time-to-leakage detection, 
referred to for simplicity as the time-to-detection (TTD), maybe computed and it is expected to vary spatially within 
the CO2 plume footprint. At each leakage location, the TTD depends on the combined effect of a detection threshold 
applied and the leakage pathway permeability assigned. The TTD values computed for a grid block permeability of 
10 mD and a detection threshold of 10,000 tonnes are mapped on the plume footprint in Fig. 8. As would be 
expected, it would generally take longer to detect CO2 leakage if the leakage location is further away from the 
injection well. 
 
  
Fig. 8. Mapping of time-to-leakage detection for a scenario with the combination of a 10 mD-leakage-pathway and a detection threshold of 
10,000 tonnes CO2. 
Although CO2 injection is terminated once leakage is detected, leakage is continuously being monitored to obtain 
a potential leakage profile, namely the total leakage duration and the cumulative CO2 leakage, at each leakage site. 
Simulations are stopped at year 2132, some 120 years from the start of injection at year 2012. Examples of 
computed leakage profiles at 6 different locations, consisting of three grid blocks (P42, P43 and P44) in the transient 
region and three grid blocks (P31, P62 and P73) in the non-transient region, are presented in Fig. 9. It can be seen 
that the computed leakage profiles display very different trends in the two regions. Whereas the leaked CO2 mass 
reaches a plateau in the transient region, leakage is still continuing in the non-transient region in 2132. It is further 
noted that leakage in the transient region would continue for a further period of time and the total leakage duration is 
significantly longer than and positively correlates with the time-to-detection at each grid block (Table 1). The 
corresponding cumulative CO2 leakage for the three locations is also presented in Table 1.  
Table 1. Computed time-to-detection, cumulative CO2 leakage and total 
leakage duration for the selected grid blocks in the transient region. 
 Time-to-detection 
(year) 
Cumulative CO2 
leakage (Mt) 
Total leakage 
duration (year) 
P44 8 months 0.13 5 
P43 5 0.46 20 
P42 12 0.97 48 
 
Injection 
well
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Fig. 9. Computed potential CO2 leakage profiles at selected points in the transient and non-transient regions, showing distinctive region-wise 
trends. 
5. Conclusions  
A risk assessment methodology, which considers the dynamic behaviour of the CO2 plume in the storage 
reservoir, and its impact on the potential leakage risk profiles with special reference to the post closure period, was 
developed. The implementation of this methodology (the first and third steps) has been demonstrated using a generic 
reservoir/caprock model. In the generic model, the injected CO2 tends to move up an anticline, and eventually 
accumulates at the top of anticline at around 90 years after the termination of injection. The computed potential 
leakage profiles inform the choice of post-closure monitoring and appropriate remediation methods in case leakage 
occurs at a specific location. For example, pressure gradient reversal method, which has been investigated in the 
CO2CARE project, may be suitable for short-term leakage (near the injection wellbore region). A longer term 
remediation method is required if leakage occurs near the top of the anticline.  
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